Zn 1−x Ni x O aerogel nanopowders with nickel concentration in the range of 0.05 x 0.25, were synthesized by the sol-gel processing technique and post-annealed in air at 500°C. Structural, vibrational, thermal and magnetic properties of the as-prepared and annealed Zn 1−x Ni x O powdered samples were characterized using X-ray diffraction (XRD), transmission electron microscopy (TEM), Raman scattering, thermal gravimetric analysis (TGA) and electron paramagnetic resonance (EPR) spectroscopy. In addition to the ZnNiO phase, XRD analysis revealed the formation of a secondary NiO phase when the Ni content was greater than or equal to 10 %. The TEM images confirm that the particle size is in the range of 20 nm to 40 nm, in accordance with XRD results, and the particles are well dispersed. Raman scattering measurements confirm the wurtzite structure of the synthesized Zn 1−x Ni x O nanopowders and show that intrinsic host-lattice defects are activated when Ni 2+ ions are substituted to the Zn sites. Room temperature ferromagnetic order was observed in all of the samples and was strongly dependent on the Ni content and thermal annealing. These results indicate that the observed room temperature ferromagnetism in ZnNiO may be attributed to the substitutional incorporation of Ni at Zn sites.
Introduction
Ferromagnetism (FM) in dilute magnetic oxides infused inside a matrix of a wide band gap semiconductor is one of the most interesting new problems in magnetism due to the emerging spintronic field [1] . As potential candidate, the diluted magnetic semiconductor (DMS) ZnO doped with 3d-transition metals (TMs) or rare-earth elements has attracted a great deal of interest for its magnetic properties since the early theoretical predictions of room temperature ferromagnetic phases in this material [2] [3] [4] [5] [6] [7] . TM doped ZnO is one of the most promising DMS candidates as it is predicted to be ferromagnetic above room temperature. Early studies showed ferromagnetism at very low * E-mail: amor.sayari@laposte.net temperatures [8, 9] or no ferromagnetism at all, above 4 K for any 3d TM dopant [10] . The direct super-exchange interaction between TM ions is expected to be antiferromagnetic, as has been experimentally confirmed for Co and Mn doping, while carrier mediated exchange has been proposed to be responsible for the predicted FM behavior [11] [12] [13] . In the case of Ni-doped ZnO samples, the origin of ferromagnetism is very complex [14, 15] .
Nickel is an important dopant in ZnO semiconductor due to the possibility of replacing Zn 2+ ions in the ZnO lattice. Ni 2+ (0.69Å) ion has the same valence as Zn 2+ and its radius is close to that of Zn 2+ (0.74Å) [16] . Some investigations on Ni doped ZnO have been reported and several results showed that the magnetic and optical properties of ZnO have changed after doping by Ni [17] [18] [19] . The results were sensitive to a sample type and the preparation method. It has been shown that manipulation of surface states of nanosized ZnO particles gives an additional parameter to influence the magnetic properties of these materials [4] . A variety of chemical methods have been developed to prepare ZnO nanoparticles. Most of the ZnO crystals have been synthesized by traditional high-temperature solid-state method in which it is difficult to control the particle properties. However, ZnO nanoparticles can be prepared at low cost on a large scale by simple solution-based methods such as chemical precipitation, sol-gel process, and hydrothermal reaction [20] [21] [22] [23] [24] .
We report here the results obtained for Ni doped ZnO aerogel nanopowders prepared by a modified sol gel process. The effects of annealing at 500°C in air and the Ni dopant concentration on the structural, vibrational and magnetic properties are discussed. We used the electron paramagnetic resonance (EPR) spectroscopy to study incorporation of Ni ions into the ZnO crystalline lattice due to its extreme sensitivity to the microscopic environment of the paramagnetic center. Our results show a strong modification of the Zn 1−x Ni x O nanopowders magnetic properties by annealing and Ni content.
Experimental
Zn 1−x Ni x O aerogel nanopowders with dopant concentrations of x = 0.05, 0.10, 0.15, 0.20 and 0.25 were synthesized by dissolving 2 g of zinc acetate dihydrate (Zn(CH 3 COO) 2 ·2H 2 O) in 14 mL of methanol. After 30 min magnetic stirring at room temperature, adequate quantity of nickel chloride hexahydrate (NiCl 2 ·6H 2 O) was added. After 15 min of magnetic stirring, the solution was placed in an autoclave and dried under supercritical conditions in ethyl alcohol (EtOH) at T = 300°C. The obtained powders were divided into two parts. The first one was analyzed as-synthesized and the second one was annealed at 500°C in air for 2 h.
The X-ray diffraction (XRD) patterns of Zn 1−x Ni x O powders were measured with a Bruker D5005 diffractometer, using CuKα radiation (λ = 1.5418Å). The transmission electron microscopy (TEM) measurements were performed with a JEM-200CX microscope. For TEM analysis, the synthesized Zn 1−x Ni x O nanopowders were put in EtOH and immersed in an ultrasonic bath for 15 min; a few drops of the resulting suspension were then deposited on the TEM grid. The EPR measurements were performed with a standard X-band (9.5 GHz) spectrometer with 100 KHz modulation and first derivative detection at temperatures between 4 K and 300 K. Thermal gravimetric analysis (TGA) was performed using a TGA apparatus (PerkinElmer). Approximately 2.9 mg of a sample was placed in a platinum crucible on the pan of a microbalance and heated from 35°C to 950°C at a rate of 10°C·min −1 . The Raman scattering was performed at room temperature with a Labram system equipped with a microscope in back-scattering configuration. The excitation line was 514.5 nm from an Ar + laser.
3. Results and discussion 3.1. Morphological and structural characterization [27, 28] . Extra peaks that appear at 11°and 16°in the as-prepared sample completely disappear after annealing the sample at 500°C in air. However, the two peaks with a very weak intensity observed at 37°and 42°in the as-prepared sample, become more intense after annealing. The extra peaks, located at 11°, 16°, 37°and 42°are due to the presence of additional phases in wurtzite ZnO, mainly related to metallic Ni and NiO crystalline structures. It is known that Ni is very unstable in the ZnO matrix and has the tendency to form clusters of metallic Ni or NiO [29] . After annealing of the Ni doped ZnO powders in air at 500°C, the wurtzite structure of ZnO is unchanged, except the slight shifts of the reflection positions. In order to study the effect of Ni content on the secondary phase formation, the XRD patterns of the Zn 1−x Ni x O nanopowders (0.05 x 0.25) annealed in air at 500°C are presented in Fig. 2 . With Ni incorporation, the dominant peaks of ZnO are retained but the extra peaks (at ∼37°and 42°) grow in intensity for x 0.1. Occurrence of the extra peaks and dependence of their intensities on Ni concentration indicate that phase segregation has occurred and the lower solubility limit of Ni in Zn 1−x Ni x O nanoparticles is ∼0.1. As the Ni content increases beyond the limit of the solid solubility of Ni in ZnO, part of Ni ions does not enter in the crystalline structure of ZnO and thus crystallizes alone forming nano NiO grains as indicated by the XRD patterns. Such a structural degradation in the ZnO lattice may be attributed to the introduction of a foreign impurity with subsequent annealing [30] . As seen in Fig. 1 and Fig. 2 the diffraction lines are rather broad with the broadening depending on the Miller indices of the corresponding sets of crystal planes. This indicates asymmetry in the crystallite shape. After correction for the instrumental broadening, an average value of the basal diameter of the prism-shaped crystallites was found to be 14 nm to 20 nm, whereas the height of the crystallites was in the range of 25 nm to 39 nm (Table 1 ) [31] . From Table 1 , the crystallite size of the samples increases with increasing Ni content. Such variation in particle size is evident from Fig. 2 . Pure ZnO exhibits broad diffraction peaks when compared to those of nickel doped ZnO samples. TEM measurements show that the as-prepared aerogel powders are composed of nano-sized particles as confirmed by TEM micrograph of the synthesized Zn 0.75 Ni 0.25 O sample (Fig. 3) . The grain size estimated using TEM micrographs and the 100 nm scale bar ranges from 20 nm to 40 nm. The later values are very similar to those deduced from XRD measurements and the Scherrer equation (Table 1 ). The strain was also calculated for the Zn 1−x Ni x O powders (Table 1) and was nearly constant for the different Ni contents. From XRD and TEM measurements we can conclude that the annealed Zn 1−x Ni x O particles are single crystalline and no aggregates of smaller crystals are formed. (Table 1) are found to be greater than those of undoped ZnO and bulk ZnO (47.58Å 3 ) [32] . If all the Ni ions were replacing Zn 2+ ions, no expansion should be expected since Ni ion has a smaller ionic radius than Zn 2+ [16] . However, the slight expansion of the lattice indicates that Ni ions are partially located interstitially. Such a result was observed by Strachowski et al. [33] for ZnAlO nanoparticles where Al ions are smaller than the Zn ions. The nonlinearity behavior in our case can be related to the lower solubility of Ni in ZnO and the formation of the secondary phase at high nickel concentration. 
Thermal properties
The thermal behavior of the dried Zn 1−x Ni x O gel has been investigated by thermal gravimetric analysis (TGA). Fig. 5 depicts the results of the Zn 1−x Ni x O TGA measurements for x = 0.1 as an example. It can be seen that the sample weight decreases continuously with an increase in temperature (Fig. 5) . The decreasing rate for T < 450°C 
Raman scattering
The room temperature Raman spectrum of the Zn 0.9 Ni 0.1 O sample is reported in Fig. 6 as an example. At the low frequency region, the peaks at 216 cm −1 , 322 cm −1 , 370 cm −1 and 410 cm −1 are attributed, respectively, to 2E 2 (low), 2E 2 (M), transverse optical (TO) A 1 and E 1 (TO) modes [34] . Phonons in a nanocrystal are confined in space and all types of phonons over the entire Brillouin zone will contribute to the Raman spectrum. The intense peak at ∼433 cm −1 is the E 2 (high) mode, characteristic of the ZnO crystallinity [35] . The observation of these modes indicates that the ZnNiO products have a wurtzite structure as confirmed by XRD analysis. The large and relatively intense peak located at about 500 cm −1 is a disorder-activated Raman scattering and could be due to doped impurities or crystal defects such as oxygen vacancies and Zn interstitials [36] . The broad Raman peak at around 577 cm −1 may be due to the longitudinal optical A 1 mode [37] . Recent reports have related the appearance of this mode to lattice defects, being either oxygen vacancies or zinc interstitials or their combination [38, 39] . At the high frequency region, the broad and high intense peak centered at ∼713 cm −1 and the weak peak at 828 cm −1 can be assigned to additional modes which may be associated with Ni 2+ ions occupation at the Zn sites. Raman results show that lattice defects are introduced and intrinsic host-lattice defects are activated when Ni 2+ ions are substituted to the Zn sites. The Raman bands centered at 560 cm −1 and 740 cm −1 can be attributed, respectively, to the LO and twophonon TO modes of the NiO phase [40] . 
Electron paramagnetic resonance (EPR)
The roles of exchange interaction and the defect centers in DMSs are understood from EPR spectra [41] . The evolution with temperature of the EPR signal, the peak to peak line width ∆H and the inverse of EPR intensity of the assynthesized Zn 0.75 Ni 0.25 O sample are shown in Fig. 7 . The EPR spectra are characterized by a very broad lines extending from 0 G to 8500 G with gvalues varying from 2.5 to 2.78, respectively, for temperatures 150 K and 75 K. These lines are characteristic of the presence of FM particles (g > 2) with shape and orientation distribution. The line width and the g-values of the Zn 0.75 Ni 0.25 O EPR signal in our work are consistent with the line shapes and positions of the previously reported results on Ni-doped ZnO samples [42] and have been attributed to a ferromagnetic resonance caused by Ni 2+ ions. It could be observed that the EPR intensity and the line width increase with lowering of the temperature until the blocking value (T = 150 K). However, below this temperature the resonance field shifts to lower fields and the EPR signal becomes broad and intense. The ∆H values for the temperatures 75 K and 150 K are 2560 G and 1622 G, respectively (Fig. 7c) . Such temperature dependent changes in the field position and line width of the EPR signal occur in the ferromagnetic state because these depend on the magnetization and the anisotropy constant, which are temperature dependent in a ferromagnet [43] . Direct information about the magnetic state can be obtained from the variation of intensity of the EPR signal with temperature [43] . EPR intensity is directly proportional to the spin susceptibility χ of the paramagnetic species taking part in resonance. Fig. 7b displays the temperature dependence of the quantity χ −1 . The linear increase of χ −1 (T) at higher temperatures can be fitted to the Curie-Weiss law. The line is a linear extrapolation illustrating the paramagnetic Curie-Weiss temperature (θ cw = 50 K). The positive sign of the Curie-Weiss temperature indicates that some of the Ni ions are ferromagnetically coupled in this sample. Fig. 8 shows the room temperature EPR spectra, observed in the Zn 1−x Ni x O samples after annealing at 500°C in air for 2 h. The EPR spectra are strongly modified by the annealing treatment for all the Ni contents. A comparison between the EPR spectra of the samples annealed and as-synthesized with x = 0.25 is shown in the inset of Fig. 8 . It is clear that the EPR signal for the non-annealed sample is broader and has a larger value of g compared to the annealed one. The EPR line widths for the as-synthesized and annealed samples are 1471 G and 583 G, respectively. This may be understood by the combined effects of air-annealing induced increase in free carrier concentration and the lattice relaxation. The different values of g and the EPR line width for the annealed samples with different Ni contents are given in Table 2 . All EPR spectra exhibit symmetric and narrow resonance signals centered around 3150 G field. From Fig. 8 , it is clear that the amplitude of the EPR signal increases while the value of the resonant field slightly decreases with increasing the Ni concentration. When the nickel content increases, the average distance between Ni 2+ and Ni 2+ ions decreases and the super-exchange interactions between these neighboring Ni 2+ ions increase the internal field [44] and decrease the resonant field. Similar results on Ni-doped ZnO nanoparticles were reported, which also revealed a broad signal due to long range exchange interactions of Ni 2+ ions with g-values in the range of 2.2 to 2.57 [15, 42] . The EPR signal for the Zn 0.75 Ni 0.25 O sample exhibits an intense resonance with a g-value of 2.199 and a line width of 583 G at 295 K. The g-factor, linewidth and line-shape are characteristic of the presence of superparamagnetic Ni nanoparticles [45] . The interactions may be a combination of exchange and dipolar nature. The magnetic moments from the surface of grains offer dipolar effects for the low values of Ni contents. However, when the Ni content has increased to x = 0.25 in ZnO:Ni nanoparticles the surface of the grains may tend to accommodate more nickel, hence, there is an appreciable exchange effect in this case [46] . For high Ni concentrations, a narrower peak appears at higher magnetic fields with g-value much less dependent on the doping concentration. The narrow EPR signal having a g-value of 1.96 can be assigned to oxygen vacancies formed in the ZnO crystallites [47] [48] [49] . In general, this signal is common for bulk ZnO ceramics and powders and will be observed in nanocrystals with diameters larger than 20 nm, due to the random orientations of the nanocrystals [50] . To study the temperature effect on the magnetic properties of the annealed Zn 1−x Ni x O samples, the EPR spectra obtained at different temperatures for x = 0.25, shown in Fig. 9 , have been analyzed. It is clear that the EPR signal is composed of two lines for the temperatures 160 K < T 295 K: the broad line A at g ∼ 2.27 and the fine line B at g ∼ 2.05. The broad EPR signal has very unusual temperature dependence. The line position of signal A does not shift with temperature (∼2987 G) and its line shape stays symmetric. However, the line width of signal A broadens when the temperature is decreased from 295 K and its intensity decreases until T = 160 K. At this temperature another fine line C with a g-value of 1.995 emerges in the EPR spectrum. For T < 160 K, the intensity of signal A increases again and its line width increases until T = 60 K. At low temperatures, signal A shows a drastic change, its intensity decreases again but its line width increases. The intensity of the two fine lines increases and their line widths broaden. At T = 20 K, signal A disappears from the EPR spectrum and the two fine lines B and C dominate completely the EPR signal. The observed effect is a complete transformation of one spectrum into another at critical temperatures of 30 K and 150 K. The broad signal must be related to a specific compound with well-defined phase transitions probably due to vigorous fluctuation of the perturbation from the crystal lattice induced by thermal effect. However, the sharp lines B and C with independent resonance fields on temperature and observed at g ∼ 2.05 and g ∼ 1.995 can be attributed to shallow donor and singly charged oxygen vacancy, respectively [51] . Further investigations are necessary to clarify why two transition temperatures are operative in this case as for a given superparamagnetic system only one is expected. Finally, the origin of ferromagnetism in ZnO-based DMSs is still in debate and has a number of possibilities. The possibility that ferromagnetism can originate from the NiO secondary phase formed in ZnNiO nanoparticles, could be easily ruled out because NiO exhibits antiferromagnetism with a Neel temperature of 520 K [52] , and in the nanocrystalline form, NiO shows weak ferromagnetic behavior. Another possible secondary phase is the presence of a Ni metallic phase. However, there is no indication of Ni metal in the EPR spectra. Therefore, the existence of Ni metal in the Nidoped ZnO samples can also be excluded. Thus, we can consider ferromagnetism as intrinsic in origin derived from the substitution of Ni 2+ ions for Zn 2+ without changing the wurtzite structure. In the carrier-mediated exchange mechanisms pertinent to magnetism, defects are important to the ferromagnetism of DMSs [53, 54] . Previous studies [55] [56] [57] [58] [59] proposed that uncontrolled formation of lattice defects can generate carriers that mediate ferromagnetic ordering. As native point defects, such as O vacancies and Zn interstitials are very common in ZnO, they are likely to contribute to the observed ferromagnetism in the ZnNiO samples rather than any metastable secondary phase. However, the mechanism of the room temperature ferromagnetism for the ZnNiO nanoparticles should be further studied in detail.
Conclusions
In summary, Ni doped ZnO nanoparticles, with 25 nm to 39 nm average crystallite size, have been successfully synthesized by a modified sol-gel process. Both annealing and Ni content effects on the structural and magnetic properties are investigated. XRD analysis reveals the formation of hexagonal wurtzite structure for all the annealed Zn 1−x Ni x O nanoparticles and shows the existence of secondary NiO phase in the samples with x 0.1. Raman scattering measurements confirm the wurtzite crystalline structure of the Zn 1−x Ni x O nanopowders and the existence of intrinsic host-lattice defects which are activated when Ni 2+ ions are substituted to the Zn sites. EPR analysis demonstrates that magnetic properties of the Zn 1−x Ni x O nanopowders are strongly dependent on Ni content and thermal annealing. Our results indicate that the observed room temperature ferromagnetism for ZnNiO could originate from the long-range Ni 2+ to Ni 2+ ferromagnetic coupling mediated by shallow donor electrons rather than due to any impurity phase. Further investigations are necessary to understand the room temperature mechanism and to clarify why two transition temperatures are operative in our case.
